ABSTRACT-Combat-related blast trauma results in massive tissue injury and tends to involve multiple systems. Further, an acute measure of injury severity based on underlying biological mechanisms may be important for the triage and treatment of these types of patients. We hypothesized that urinary biomarkers (UBs) would reflect severity of injury and that they would be elevated for blast injuries compared with gunshot wounds (GSW) in a cohort of combat casualties. We also postulated that UBs would be higher in patients with burns compared with patients with non-burn trauma in a civilian cohort. Among 80 service members who sustained combat-related injuries, we performed generalized estimating equations to compare differences in log-transformed concentrations of the UBs by both injury severity and injury mechanism. Among 22 civilian patients, we performed Kruskal-Wallis tests to compare differences for the UBs stratified by burn and non-burn trauma. In the military cohort, with the exception of IL-18, all UBs were significantly (P <0.05) higher for patients with a severe combatrelated injury (Injury Severity Score !25). In addition, all crude UBs concentrations were significantly higher for blast versus GSW patients (P < 0.05). After adjusting for injury severity score and time of UB draw, KIM-1 (2.80 vs. 2.31; P ¼ 0.03) and LFABP (À1.11 vs. À1.92; P ¼ 0.02) were significantly higher for patients with a blast mechanism of injury. There were no significant differences in UBs between burn and non-burn civilian trauma patients. Future studies are needed to understand the physiologic response to trauma and the extent that UBs reflect these underlying processes.
INTRODUCTION
Risk prediction in combat casualties is challenging, particularly in the forward deployed, austere combat environment. Two commonly used risk prediction scores are the injury severity score (ISS) (1) and the revised trauma score (2) . However, because the determination of an ISS requires trained coders, risk prediction in the forward deployed setting is limited to vital signs (which can quantify risk in the form of the revised trauma score) and clinical intuition. While urinary biomarkers (UBs) have generally been thought to be renal specific, they may reflect the overall injury severity in the setting of trauma. The kidneys receive a large portion of cardiac output (3) and are exquisitely sensitive to ischemic injury, making them promising markers for global hypo-perfusion. Indeed, UBs have been demonstrated to correlate with poor outcomes in combat casualties (4) . Given the ready availability of urine, even in an austere environment complicated by prolonged evacuation times, UBs have the potential to be a deployable solution to quantify severity of injury and predict risk. Furthermore, because they are markers of organ injury, they have the potential to provide insight on the pathophysiologic response to combat injury.
Explosive injuries and gunshot wounds (GSWs) are the most common causes of combat trauma, accounting for 74.4% and 19.9% of all injuries, respectively (5) . These injury patterns differ in both the mechanism and distribution of trauma. Compared with GSWs, where penetrating injuries predominate, explosive injuries are caused by the shock waves of the explosion, fragmentation, structural collapse, and thermal injuries (6) . This wider distribution and diverse pathology may not be apparent on initial evaluation by the triage clinician, reflected in initial vital signs or accounted for by anatomically based trauma scoring systems like the ISS.
Recent research has concentrated on the ability of UBs to predict acute kidney injury (AKI), need for renal replacement therapy (RRT), and mortality (4, 7, 8) . However, most of these biomarkers are not only associated with AKI, but also with the underlying condition causing the AKI (8) . For example, both plasma and urine neutrophil gelatinase-associated lipocalin (NGAL) are elevated in patients with septic versus non-septic AKI (9) . Given the different patterns of injury seen in patients with explosive versus GSWs, it is therefore plausible that UB elevations would differ between these groups. This could provide meaningful clinical information that is not provided by traditional trauma scoring systems or clinical intuition.
Combat-related blast trauma presents a unique mechanism of injury without a clear civilian equivalent. Given the drawdown of large-scale combat operations, civilian studies will be needed to prepare for medical care in future conflicts. As explosive injuries are traditionally much less frequent in non-combat zones, an equivalent injury to evaluate the utility of UBs in civilian trauma patients is desirable. Burn injury was coined the ''universal trauma model'' by Dr Pruitt (10) . Notably, both serum and urine NGAL levels correlate with burn severity (11, 12) . Comparing UB elevations in civilian populations with and without burn injury, and comparing UB patterns to combat casualties with explosive injuries, would provide evidence that the burn population can serve as a surrogate for future studies.
The purpose of our study was 3-fold. First, we sought to examine the relationship between UBs and severity of injury as determined by ISS in a cohort of patients with combat injury. Second, we sought to evaluate differences in UB levels between mechanisms of injury (explosive vs. GSW), also in a cohort of combat injured service members. Lastly, given the low prevalence of explosive injury in the civilian population, we sought to evaluate burn injury as a potential surrogate in a mixed civilian population with either burns or other traumatic injuries.
METHODS

Study sample and ethical approval
Recruitment and analysis of the military cohort has been previously described (4) . In brief, the initial military cohort consisted of 89 injured active duty personnel who met the inclusion criteria from October 2012 to December 2013 admitted to the intensive care unit (ICU) in Craig Joint Theater Hospital in Afghanistan. Patients were excluded if they did not have a Foley catheter or if more than 48 h had elapsed since their injury. Urine samples were collected within 3 h of admission and then daily at 0800. The samples were centrifuged, and frozen prior to shipment to the United States for UB measurement. In order to test the hypothesis for the military cohort, an additional nine service members who did not sustain an injury from either an explosion or GSW (e.g., motor vehicle crash, crush) were excluded. Thus, the final analytic sample size was 80 injured active duty personnel. Service members had between one and four UB samples taken; therefore, a total of 146 observations were used in the analysis.
In order to test the hypothesis using the civilian cohort, we used data from a civilian cohort of 22 patients admitted to San Antonio Military Medical Center for burn or trauma. Urine samples were collected within 24 h of admission and processed in the same laboratory as the downrange samples. Both the military (M-10238) and civilian (H-10-029) protocols were reviewed and approved by the US Army Medical Research and Materiel Command Institutional Review Board.
Dependent variables
Based on the data available at the time of study conception (13) , there were five UB dependent variables of interest: NGAL, cystatin C (CyC), kidney injury molecule-1 (KIM-1), interleukin (IL)-18, and liver-type fatty acid-binding protein (LFABP). UBs were measured using commercially available kits for NGAL (RnD Systems, Minneapolis, Minn), KIM-1 (RnD Systems), IL-18 (MBL International, Woburn, Mass), LFABP (Hycult Biotech, Plymouth Meeting, Pa), and CyC (RnD Systems). As others have done (14, 15) , biomarker levels were normalized for urine concentration by dividing by the creatinine concentration. Three of the biomarkers (CyC, LFABP, NGAL) were measured in nanograms per milligram of creatinine (ng/mg) and two biomarkers (IL-18, KIM-1) were measured in picograms per milligram of creatinine (pg/mg).
Independent variables
The two primary independent variables of interest were severe combatrelated injuries and mechanism of injury. A severe combat-related injury was a dichotomous variable defined as having an ISS !25 (yes vs. no). Patients were also categorized into a dichotomous variable based on mechanism of injury (explosive vs. GSW). Descriptive data on demographic variables (age, race, and sex), time to first UB draw following injury, mean arterial pressure (MAP) at ICU admission, AKI, RRT, and mortality were also reported. AKI was defined using an accepted creatinine based criteria (16) as previously described (4).
Statistical methods
Descriptive statistics on demographic variables (age and sex), time to first UB draw, AKI, RRT, and mortality were reported. The median and interquartile ranges were reported for continuous variables. The number and proportion were reported for categorical variables. Patients' baseline characteristics were compared by mechanism of injury (explosive vs. GSW). For continuous variables, the Kruskal-Wallis test was performed and for categorical variables either the chi-square test or Fisher exact test was performed, as appropriate. In order to normalize the data, all UBs were natural log-transformed. The hypothesis for the military cohort was that levels of UBs would be significantly elevated for service members with both severe injuries and an explosive-mechanism of injury. To test this hypothesis, generalized estimating equations (GEE) with a normal distribution and exchangeable covariance structures were used to perform repeated measures regression analysis. There were three GEE models performed for each of the five log-transformed UBs. The first model regressed the UB concentration on severe combat-related injury status (yes vs. no) while adjusting for UB draw time. The second model regressed the UB concentration on mechanism of injury. The third and final model regressed UB concentration on mechanism of injury while adjusting for injury severity score and draw time. For each of the five UBs, log-transformed least squares (LS) means and 95% confidence intervals were reported.
The hypothesis for the civilian cohort was that compared with patients with non-burn trauma, levels of UBs would be significantly elevated for patients with burn-related trauma. In order to test this hypothesis, the Kruskal-Wallis test was performed. A P value of <0.05 was considered statistically significant. All analyses were performed using SAS v9.4 (SAS Institute, Cary, NC).
RESULTS
The baseline characteristics of the military cohort are presented in Table 1 . They were primarily young (median: 26 years; IQR: 23-30), male (n ¼ 77; 96%) and were injured by an explosion (n ¼ 55, 69%). The median ISS of the cohort was 18 (IQR: 12-41) with 44% sustaining a severe combat-related injury (n ¼ 35) defined as an ISS !25. The median first time to UB draw was 17 h (IQR: 10-27) after injury. Approximately one-third of these patients had AKI (n ¼ 29; 36%) and a small proportion required RRT (n ¼ 6; 8%). Eight patients (10%) died of wounds. Compared with patients with GSW, patients with explosive injuries had higher median ISS (26 vs. 16; P ¼ 0.04) and a longer median interval from injury to UB sampling (21 h vs. 12 h; P ¼ 0.04).
Compared with patients with less severe injury, patients with severe combat-related injury (ISS!25) were more likely to develop AKI (48.6% vs. 26.7%, P ¼ 0.04) and were more likely to die (22.9% vs. 0%, P <0.01). No differences were observed in age, gender, time to first urine collection, MAP at ICU admission, or RRT requirement.
Patients with severe combat-related trauma had statistically higher concentrations of all UBs except IL-18 (0.08 vs. À0.50; P ¼ 0.08) (Fig. 1) . Compared with patients with GSWs, patients with an explosive mechanism of injury had statistically higher concentrations of all five UBs (Fig. 2) . After adjusting for drawtime and ISS, only KIM-1 (2.80 vs. 2.31; P ¼ 0.03) and LFABP (À1.11 vs. À1.92; P ¼ 0.02) were significantly higher for patients with an explosive mechanism of injury (Fig. 3) .
The civilian cohort (n ¼ 22) consisted of predominantly middle-aged (median: 48 years; IQR: 33-58), male (n ¼ 16; 73%) patients. Exactly half of the patients sustained a burn-related trauma (n ¼ 11; 50%) and approximately one-third of patients died (n ¼ 7; 32%). Both the burn and trauma patients had similar median ages (47 years vs. 48 years, respectively) and were predominantly male (64% vs. 82%, respectively). Of the patients with trauma, seven were injured in motor vehicle accidents, two patients were injured by GSWs, one person was injured in a physical assault and one patient was injured as the result of a fall. In the patients with burn injury, the median total body surface area burned (TBSA) was 26.5% (IQR: 19.6%-51.0%, range: 9.0%-77.0%). Compared with the trauma civilian patients, none of the UBs were significantly higher for burned civilian patients (Table 2) .
DISCUSSION
This study had three primary findings: with the exception of IL-18, concentrations of UBs were significantly higher for service members with severe combat-related injuries; concentrations of all five UBs were higher for service members with an explosive mechanism of injury; and even after adjusting for overall injury severity, two biomarkers (KIM-1 and LFABP) were significantly higher for service members with explosive mechanisms of injury. We did not observe differences in civilian patients with burn and non-burn trauma; however, the sample size was admittedly underpowered for the civilian cohort (n ¼ 22).
The patients in the cohort with severe combat-related injury (defined as ISS!25) were clearly severely injured and at high risk for complications. These patients had a higher mortality rate (22.9% vs. 0% for those with ISS <25) and were more likely to develop AKI (48.6% vs. 26.7%). We found that four of the UBs studied, KIM-1, CysC, LFABP, and NGAL, were associated with severe combat-related injury. This demonstrates the feasibility of using UBs for estimating injury severity in combat casualties. When these findings are put in the context of our prior work in this cohort showing that UBs predict the combined endpoint of mortality or need for RRT (4), they further the concept that UBs can be used for the estimation of injury severity and risk stratification in the forward-deployed combat environment. In this setting UBs could be used for the purposes of triage and prioritization of evacuation. However, an understanding of the timing of UB collection in conjunction with different types of resuscitation is also important to meet this goal. For example, even after adjustment for draw time and ISS, we found that all five UBs were significantly elevated for patients who received a massive transfusion (defined as 10 units of packed red blood cells in the first 24 h, data not shown). However, our inferences regarding these results are limited because of the variable timing between resuscitation and UB sample collection.
We found that all five UBs studied were higher in patients with explosive injuries. However, this association remained significant only for LFABP and KIM-1 after adjustment for draw time and ISS. There are two biologically plausible mechanisms for differences in UB patterns among patients with explosive versus GSW injuries. First, the hemodynamic effects of explosive injury which are independent of blood loss include bradycardia, hypotension, and myocardial depression without a compensatory increase in peripheral vascular resistance (17) . This response is likely driven by a vagal reflex (18) and overproduction of nitric oxide (19) . These effects, which would not be accounted for by an anatomically based scoring system like the ISS, might result in prolonged ischemia to the kidneys with resultant increase in UB concentrations. The second plausible mechanism is the effect of blast injury at the tissue level. Blast injury has been shown to cause elevations in IL-6, E-selectin, tumor necrosis factor-a (TNF-a), hypoxia inducible factor-1 (HIF-1), thrombomdulin, and plateletderived growth factor (20, 21) , a process that may be mediated by endothelial damage (20) . KIM-1 is a transmembrane glycoprotein that is undetectable in healthy kidneys, but becomes highly expressed and detectable in urine within hours after renal ischemic injury; it is thought to promote apoptotic and necrotic cell clearance as well as to facilitate remodeling in the injured epithelium (22) . The shedding of KIM-1 into the urine is mediated by matrix metalloproteinase, a process that is upregulated by TNF-a (23). LFABP is expressed in the kidneys, as well as the liver, intestine, pancreas, lungs, and stomach. Urinary levels increase after an acute ischemia-reperfusion injury and are highly correlated with ischemic time (24) .
LFABP expression in the setting of hypoxia is likely driven by HIF-1 (25) . The tissue level effects of blast injury could therefore increase KIM-1 and LFABP in the urine via increased levels of TNF-a and HIF-1, respectively. This damage at the cellular level is not accounted for by traditional scoring systems for trauma. While further work is clearly required before UBs can be operationalized, our findings provide further evidence that UBs have the potential to revolutionize risk prediction in critically injured combat casualties.
Beyond risk prediction, how can this knowledge be used to advance combat casualty care? As recently reviewed (26) , LFABP is thought to be a marker for renal hypoxia and vulnerability to further renal insults. KIM-1 may play a central role in renal recovery and thus, when it appears in the urine, the optimal treatment strategy may be one focused on enhancing renal recovery (26) . In this context, our findings imply that avoiding further nephrotoxic insults and developing treatments that aide renal recovery may be of greater benefit to patients with explosive compared with GSW injuries.
Other groups have looked at both serum and urine biomarkers in the setting of burn or traumatic injury. Urinary NGAL has been associated with AKI in critically ill trauma patients (27) . Both plasma and urine NGAL have also been associated with AKI in patients with burn injury (11, 12) . Serum NGAL has been associated with mortality and renal failure in combat casualties (28) . Serum LFABP has been examined as a predictor of severe abdominal injuries (defined as an abdominal Abbreviated Injury Score!3) (29) . These investigators found that LFABP level drawn at admission predicted the subsequent diagnosis of a severe abdominal injury with 80% sensitivity and 75% specificity (29) . While the intention of our study was not to examine the utility of UBs for the purposes of diagnosing an intra-abdominal injury, these findings underscore the potential of biomarkers in the forward deployed/prolonged field care setting where advanced diagnostics (e.g., computed tomography scan) may not be available. Given the rarity of explosive injuries in the civilian setting and the continued withdrawal of US military forces from combat zones, new models of military trauma will need to be studied to optimize healthcare in future conflicts. Burn injury has been coined the ''universal trauma model'' (10). We therefore hypothesized that burn injury would result in higher UB concentrations compared with non-burn trauma. If the UB patterns in burn patients were similar to that seen in explosive injury, it would suggest that burn injured patients could serve as a model for explosive injury in biomarker research. While we did not find that UBs were elevated in burn patients, our sample size was small (n ¼ 22) which limited our statistical power. Future studies with a more robust sample size and rich clinical data would allow for a more thorough investigation of burns as a potential civilian proxy for militaryrelated explosive injuries.
This study had several limitations. The small number of patients enrolled, in both the combat and civilian settings, limits the statistical power of the study. This was particularly problematic for the study of burn patients. This exploratory substudy was designed to generate hypotheses and begin to establish war parallels to a civilian patient population. We are currently enrolling burn patients in a separate study to examine this association further. Differences in baseline characteristics, including ISS and timing of urine draw, were observed between patients with explosive and GSW mechanisms of injury. While we attempted to account for these in our models, we cannot rule out bias. For example, if biomarkers are elevated closer to the point of injury, then biomarkers for the explosive injuries may be biased toward the null because patients with explosive injuries had a longer time to urinary biomarker measurement. Furthermore, a lack of serum samples does not allow us to test our hypotheses with respect to endothelial damage. While this study does not have the capability to elucidate mechanisms, it suggests such work on mechanisms will be important in the future. Given both the unique patient population and unique patterns of combat injury, this work will be difficult to do in civilian trauma populations. In preparation for the next conflict, the military research community should consider a large scale, prospective study involving protocolized urine and serum collection from combat injured patients. This could be accomplished by leveraging existing systems, which already collects data on combat casualties. Such an effort would provide invaluable insights into the pathophysiology of combat trauma. This knowledge could be used to define accurate risk prediction models, develop novel treatments for combat trauma and ultimately improve outcomes.
In conclusion, we found that UBs were associated with severity of injury and found differences in UB concentrations based on mechanism of injury. In the context of our prior work demonstrating that UBs predicted mortality or the need for RRT (4), these findings provide more evidence for the role of UBs in the forward deployed setting. Current techniques, which utilize enzyme-linked immunosorbent assays, are not suitable for deployment in austere settings. However, if further developed into rapid and deployable tests (30) , future studies utilizing serial measurements across the spectrum of care could be done to assess the predictive power of biomarkers at all phases of injury. In the austere, forward deployed environment this information could be used to triage patients and prioritize aeromedical evacuation. In the future, a better understanding of the physiologic response to trauma and the extent that UBs reflect these underlying processes, could be used to develop tailored approaches for combat casualties based not only on severity, but also mechanism of injury.
